Abstract. Using a data sample of 115000 hadronic Z ~ decays, a search was performed for the production of excited charged leptons decaying into an ordinary lepton and one photon. Pair production of excited leptons of mass below 45 GeV/c 2 is excluded. From an analysis of the lepton-photon mass spectra this experiment is also able to exclude single production of these particles for masses that reach up to 85 GeV/c 2, if the compositeness scale is below 1 TeV.
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Introduction
This paper presents a systematic search for unstable heavy excited charged leptons assumed to decay into a normal lepton and a photon. The decays of Z~ produced at LEP are investigated to look for acollinear twoprong events with at least one photon visible in the electromagnetic calorimeters.
Compositeness [1] provides a general framework which describes the coupling of the photon and Z ~ to excited leptons. One may assume that they have the same weak isospin properties as ground state leptons and, consequently, are pair-produced with standard cross sections and angular distributions. Single production of an excited lepton could also be possible, however, with unknown l* IZ and l* 17 couplings. As pointed out in reference [2] , the single production of excited electrons is greatly enhanced by the contribution of the diagram corresponding to photon exchange in the t-channel. In this process the spectator electron tends to be emitted at very small angles with respect to the beam direction and escapes the detector. In order to be sensitive also to this process, the search has been extended to e7 final states.
The main background affecting the present search comes from leptonic decays of the Z ~ with radiation of one or more energetic photons. This background can be substantially reduced by demanding that the photons be isolated from the leptons but, ultimately, the l* candidates have to be distinguished by looking for a narrow peak in /+7 mass combinations. For the allowed range of l* couplings, the width of these particles is expected to be much smaller than the mass resolution of the detector. Standard mass reconstruction of l* which uses the measured momenta and angles of leptons and photons is inadequate for the channel r+ ~-7. However, as the z's are energetic, their directions are approximately given by their daughter particles so their momenta can be calculated using energy-momentum conservation. The method is very precise and was also used in this analysis for the eeT, ##7 and e7 channels.
Apparatus
A detailed description of the DELPHI detector, of the triggering conditions and of the analysis chain can be found in [3] . Here, only the specific properties relevant to the following analysis are summarized.
The charged particle tracks are measured in the 1.2 T magnetic field by a set of three cylindrical tracking detectors: the inner detector (ID) covers radii 12 to 22 cm, the time projection chamber (TPC) from 28 to 122 cm, and the outer detector (OD) between 192 and 208 cm. The end caps are covered by the forward chambers A and B, at polar angles 0 between 10 ~ and 36 ~ on each side. A layer of time-of-flight (TOF) counters is installed for triggering purposes beyond the magnet coil.
The electromagnetic energy is measured by the high density projection chamber (HPC) in the barrel region, and by the forward electromagnetic calorimeter (FEMC) in the end caps. The HPC is a high granularity gaseous calorimeter covering polar angles 40 ~ to 140 ~ . For fast triggering a layer of scintillation counters is installed after the first 5 radiation lengths of lead. The FEMC consists of 2.4500 lead glass blocks (granularity 1-1 degrees), covering polar angles from 10 ~ to 36 ~ on each side. The small angle tagger calorimeter (SAT) is an electromagnetic calorimeter covering polar angles from 43 to 125 mrad in the forward and backward directions. It is composed of alternate layers of lead sheets and scintillating fibres parallel to the beams and it provides the measurement of luminosity.
Muons and hadrons are identified using the forward and barrel hadron calorimeters (HCAL) which cover 10~ 0_< 170 ~ followed by muon chambers which cover 10 ~ < 0 _< 45 ~ 51 ~ __< 0 _< 129 ~ and 135 ~ _< 0 < 170 ~ The total amount of iron traversed varies from 5 to 7 interactions lengths.
The trigger is based on signals from the inner and outer detectors, the HPC and TOF scintillation counters, and the forward detectors. These signals are combined in several sets of coincidence, back-to-back and majority logics. The logical OR of the various subtriggers provides a high redundancy for events of the type studied in this analysis, in which high-momentum charged tracks and high-energy photons are simultaneously present.
Event analysis
The data presented here have been collected during the energy scans performed at LEP during 1990. Only those runs where all the essential subdetectors were fully operational were used; they correspond to a total of about 115000 registered Z ~ decays.
Charged tracks are retained in the analysis if they have a momentum greater than 100 MeV/c and are emitted at more than 25 ~ with respect to the beam axis, where tracks are well reconstructed by the TPC. They must also come from the interaction point to within 10 cm in the longitudinal coordinate and 2 cm in the radial direction.
To define a photon, a cluster is required in the HPC or the FEMC with a total energy deposit above 2 GeV and at more than 25 ~ with respect to the beam axis. It is also demanded that this photon is isolated, being emitted more than 15 ~ from any charged particle. This cut removes many of the standard lepton pairs with final state radiation and has little impact on the search for heavy excited lepton.
The identification of electrons is based on the comparison between the track momentum and the energy deposited in the electromagnetic calorimeters Eem. In order to distinguish primary electrons from those coming from decay, the momentum calculated by imposing energymomentum conservation in the events Pcalc was used; due to the missing energy carried away by the neutrinos, a cut requiring the value of Eem/Pcalc to be close to one will reject the majority of secondary electrons.
Muon tagging is obtained by combining the information from the calorimeters and the muon chamber system. In order to be identified as a muon, a track must leave an energy deposit in both the electromagnetic and the hadron calorimeter compatible with that expected for a minimum ionizing particle, and/or be associated to at least two hits in the muon chambers. The overall identification efficiency is 90% per track.
The Z ~ decays to the various composite channels studied in this paper were generated using the detailed simulation program of DELPHI [4] . For background simulation, which requires much larger samples, a simplified program [5] was used, which was tuned to reproduce the experimental data.
Trigger efficiencies were measured for each of the individual subtriggers by analyzing the trigger pattern in leptonic Z ~ decays; these efficiencies were then used in the Monte Carlo simulation for all the relevant channels. The lowest trigger efficiency, 85_+5%, corresponds to the ##7 final state, for which the redundancy between the subtriggers based on charged tracks and those based on electromagnetic energy is smallest. Pair production of excited charged leptons having the same weak isospin as the standard leptons can be excluded for a large range of masses directly from the measurement of the Z ~ width. In [6] an upper limit of 28 MeV (at 95% c.1.) is given on any non-standard contribution to ~ ; this implies a lower limit of 33 GeV/c 2 on the mass of the l*, completely independent of its decay properties.
Pair production
For higher values of the l* mass, a direct search was made for the process Z ~ -~ l *+ l*-with l* ~ 17. The selection asked for events having only two charged particles, each with momentum above 2 GeV/c, and two photons. The two charged particles should have an acollinearity angle between 10 ~ and 170 ~ Due to the photon isolation cut, this direct analysis is sensitive only to excited leptons heavier than ~ 6 GeV/c 2.
Two events have been found. In one of them the less energetic photon does not point to the interaction vertex, and the remaining three particles are coplanar. It was therefore identified as a #/~y event with an additional spurious hit in the HPC. The second event was confirmed as a four-particle event (Fig. 1) . It was classified as an e e77 event, since both charged particles are identified as electrons and the total measured energy is consistent with the LEP energy. Table 1 shows the masses of the different ey combinations. Within the errors, the event is compatible with an e* + e*-final state in the second combination, corresponding to an average mass of about 9.6 GeV/c z, well within the region excluded by Fz. The first combination appears to be excluded. However, the errors on the momentum of the electrons could be underestimated, since the bremsstrahlung inside the detector can induce a~ additional systematic contribution that is difficult to evaluate, so that a common mass of about 32 GeV/c 2 cannot be completely ruled out. The particle energies can be recalculated with greater precision from the measured angles between the four particles, using a 0-constraint fit. Since undetected radiation along the beam axis would induce an error in the result of the fit, the calculation was repeated with varying amounts of missing energy and momentum along this axis. It was found that no solution exists where both e7 masses are above 36 GeV/c 2.
The expected number of selected events from e* + e*-production at masses below 36 GeV/c 2 is over 500; therefore, one can conclude that there is no evidence for this decay.
The efficiencies for the detection of e* and #* pairs increase from 45+5% at mz.=20 GeV/c 2 to 50_+5% at the kinematical limit; for z* it is about 17_+2% over the whole mass range above 20 GeV/c 2.
To estimate the standard background, the program KORALZ [-73 was used. It predicts 0.8_+0.1 #~77 events within the selection cuts. However, this program does not include all the amplitudes for the radiation of two hard photons (the radiation of two photons in the final state is missing), so the quoted number is probably a lower limit on the expected background. No generator is available for ee77, but one expects roughly the same number of events as for #/~77.
Single production in annihilation
The kinematics in this process allow the production of an l* heavier than 45 GeV/c2; for this higher masses, the photon isolation criterion has been strengthened. Two charged particles are required, each with momentum above 2 GeV/c, and one photon at more than 30 ~ with respect to either of them. The two charged particles should have an acollinearity angle between 10 ~ and 170 ~ To avoid large errors on the calculation of the mass due to initial state radiation, as explained below, the runs where the LEP energy was on the high tail of the Z ~ resonance were rejected; it was demanded that 2Eb <=Mz+Fz/2, where Eb is the beam energy. After this selection, 151 events remain.
The momenta of the three final state particles are computed from the measured angles between the three particles, e 12, c~13 and ~23, using energy-momentum conservation. Since in a genuine 3-body event the three particles must lie in a plane, the sum of these angles is required to be above 358~ this cut removes the background from two-photon interactions and very forward hadronic events. Monte Carlo simulation shows it affects only the z*z channel, where 3% of the events are lost. There are 118 events which pass this last cut.
To compute the momenta, the following formula was used: P~ P2 Ps 2Eb sincG3 sinc~a 3 sincq2 sin~lz+sincq3+sincG3" Figure 2 shows the distribution of 17 masses for the candidate events; there is a good agreement both in shape and normalization with the curve predicted by a Monte Carlo generation of 400000 standard leptonic decays of the Z ~ [--8] .
The excess around 80 GeV/c 2 is of low statistical significance and it is not dominated by any of the three lepton channels.
Channel identification. The final lepton channel is
identified by relying on the particle identification and on the comparison between the measured momenta and those calculated with the above formula. Events are clas- to identify the events, as explained in the text. a Ratio of the electromagnetic energy associated to each track to the momentum calculated for the track from the measured angles, b Ratio of the sum of measured momenta to the sum of calculated momenta for the two charged particles in events containing at least one muon candidate sifted as e e 7 if there is at least one charged particle identified as a primary electron, that is, for which Eem/Pr162 falls in the peak above 0.7 (Fig. 3a) . For /~#7 it is required that at least one of the charged particles be identified as a muon, and that the ratio of the sum of the two measured momenta to the sum of the calculated momenta be above 0.8 (Fig. 3 b) . The second requirement removes the background from z ~ y events. Finally, events are kept as zzy candidates if they do not show ee or ## signatures and have at least one particle whose measured momentum is unambiguously below the computed value (pm~.s/Pcalc<0.5). Table2 gives the number of events selected for each channel together with Monte Carlo expectations for the background from standard Z ~ decays.
Mass resolution. The angular resolution of the de-
tector is the main factor that determines the mass resolution for e* and /~*, since the momenta are calculated from the measured angles. These resolutions have been measured for electrons, muons and photons by analyzing the acollinearity and acoplanarity distributions of e + eand/~+ if-events. The widths of these distributions are influenced by soft-photon radiation, but since this effect is also present in the lly events and affects the mass resolution, no correction was made for it. Initial state radiation is limited by the resonant shape of the cross section, and it was further reduced by rejecting data taken above the Z ~ peak. These experimentally measured resolutions were used in the Monte Carlo simulations of l* l production, in which radiative effects were also included. The resolution is found to be _+250 MeV/c 2 for the ee7 and ##7 channels and _+2.0 GeV/c 2 for rz7; the latter is dominated by the angle between the z's and their daughter particles. These values are practically independent of the l* mass.
An independent verification of the consistency between data and Monte Carlo can be obtained by studying the distributions of the product (/}1 X P2)'P3 of the unit vectors defined by the observed particles. This variable, which measures the coplanarity of the three particles, is sensitive to the same effects that define the mass resolution. As shown in Fig. 4 , there is good agreement between data and the results of Monte Carlo simulation of standard Z ~ decays. Figures 5a, 6 and 7 show the observed mass distributions for the three channels; the binning has been chosen so that 80% of the signal from l* decay would be concentrated in two bins. No apparent structure is seen. The acceptances of the present selection for the various channels are given in Table 3 . .z.
Results.
--.. nally, to avoid contamination coming from e + e-events where one of the charged tracks is lost, only the photons in the barrel region (40~ 0< 140 ~ are selected, and q~ is restricted to be at more than 4 ~ from the boundaries of the sectors of the TPC. After these selections 24 candidates remain. The background from standard processes comes mainly from Compton scattering. It was computed using a Monte Carlo program where the photon flux is given by a Weizs/icker-Williams approximation (see for instance [9] ), and which includes multiple initial-state radiation: 22 events are predicted, in good agreement with the data.
The computation of the mass from the angles is still possible assuming that the spectator electron is approximately aligned with the beam. The method is however affected by initial state radiation; to eliminate the events with energetic photons along the beam direction, a loose cut is imposed on the match between the missing energy and the missing longitudinal momentum. Demanding IP~nisl/Emis > 0.5 rejects 4 events in agreement with Monte Carlo expectation. The resulting mass spectrum is shown in Fig. 5 b; again, no peak is seen.
The acceptance of the present selection criteria for different e* masses is given in the last line of Table 3 . The mass resolution is 450 MeV/c 2, although there is a non-Gaussian tail due to radiation effects, as shown in the inset of Fig. 5 b. 
Limits on Compositeness

Single e* production via t-channel exchange
Excited electrons can be produced through photon exchange in the t-channel. In most cases, the spectator electron stays very near to the beam direction and remains invisible while the photon and electron from the decay of the e* are back-to-back in the plane perpendicular to the beam. To select this type of event the following requirements are imposed: the event must have a single photon with energy above 8 GeV and a single charged particle with momentum above 5 GeV/c and an electromagnetic energy deposition above 2 GeV. The acollinearity angle between the two particles must be above 5 ~ to eliminate the background from ee~y7 events where one of the photons converts before the TPC. FiAll the limits discussed in this section are based on the assumption that the decay branching ratio of an excited lepton into a standard lepton plus a photon is 100%. Pair production allows one to derive direct limits on the masses if standard couplings of the l* to the Z ~ are assumed.
As explained in Sect. 3.1, the only candidate event is in a mass region where the number of expected events is very high, so the limits obtained are not affected by it. The calculation of the expected number of events took into account the luminosities collected at each energy point for the total event sample considered in the analysis. The limits obtained are (at 95% confidence level): me. > 45.6 GeV/c 2 m,. > 45.6 GeV/c 2 m** >45.3 GeV/c 2.
These results do not depend on the compositeness scale, except that the l*17 coupling is supposed to be strong enough to allow the l* to decay inside the detector. However, a stable l* can be excluded up to masses of 40 GeV/c 2 on the basis of a previous analysis [10] .
Single production of an excited lepton is given in terms of unknown l* lZ and l* 17 couplings. The effective f 48 which was used in previous e+e -experiments testing the coupling of the l* to the photon. The contours given in Fig. 8 show the limits (at 95% confidence level) on 2/m~, as a function of m~,. They take into account the mass resolution and the estimated background contributions from standard processes. For a value of the effective coupling 2/m~, equal to 1 TeV-1, this analysis excludes e* with masses below 85 GeV/c 2, #* below 77 GeV/c 2 and z* below 63 GeV/c 2. Similar limits have been obtained by the other LEP experiments [12] . A recent analysis of the e + e-annihilation into two photons [13] also excludes e* in a mass range that extends above mz, although only for values of the effective coupling above 100 GeV-1
Conclusions
From the analysis of the events that have two leptons and one or more energetic photons in the final state, limits have been obtained on the masses and couplings of excited charged leptons decaying into a normal lepton and a photon. The non-observation of the pair production of these particles sets lower limits on their mass that reach 45.6 GeV/c 2. The results of the search for single production allow the exclusion of masses below 85 GeV/c 2 for e*, 77 GeV/c 2 for #* and 63 GeV/c 2 for r*, as long as the scale that characterizes the l* 1Z and l* 17 couplings is smaller than 1 TeV.
